the Porcupine Basin, offshore Ireland. We present three new P-wave seismic velocity models that 23
show the seismic structure of the uppermost lithosphere and the geometry of the Moho across and 24 along the basin axis. We use neighbouring seismic reflection lines to our tomographic models to 25 estimate crustal stretching (βc) of ~2.5 in the north at 52. values suggest that no crustal embrittlement occurred in the northernmost region, and that rifting may 27 have progressed to crustal breakup in the southern part of the study area. We observed a decrease in 28 mantle velocities across the basin axis from east to west. These variations occur in a region where βc 29 is within the range at which crustal embrittlement and serpentinisation are possible (βc 3-4). Across 30 the basin axis, the lowest seismic velocity in the mantle spatially coincides with the maximum amount 31 that has been interpreted as a refracted phase through the uppermost mantle or Pn (e.g., >40 km model 124 offset in Figs. 2 and 3d) . A high-amplitude reflection identified at shorter offset than Pn arrivals has 125 been interpreted as the critical reflection at the Moho or PmP (Figs. 2 and 3 ). Overall, we manually 126 picked a total of 28,995 travel times of refracted and reflected phases for line P02, 31,676 for line 127 P03, and 35,708 for line P04. Picking uncertainties were automatically assigned between 20 and 125 128 ms based on the signal to noise ratio of the trace 250 ms before and after the picked arrival time, 129 following the empirical relationship of Zelt & Forsyth (1994) . 130
The data were inverted for Vp structure and geometry of seismic interfaces (e.g., Moho) using the 131 method of Korenaga et al. [2000] . This method computes the travel time residuals by calculating the 132 shortest ray-path for each travel time, and solves a linearised inversion problem to minimise the travel 133 time residuals. The Vp models were obtained following a layer stripping strategy [e.g. Sallarès et al., 134 2011] , so that refracted and reflected travel times of each layer were inverted sequentially from near 135 to far offset, resolving at each step the velocity and depth of each layer of the model from the shallow 136 sediments to the uppermost mantle. Travel times of critical reflections at sedimentary interfaces were 137 identified in all the lines (Figs. 2 and A1), and included in the layer stripping (see Fig. A2 for layer 138 stripping sequence of each model). However, given that the main goal of the study relies on the deep 139 structure of the basin, we only show the geometry of the Moho interface (blue thick lines in Fig. 4) . 140
The grid spacing for P04 was optimally set at 0.25 x 0.25 km, whereas for P03 and P02 it varies 141 vertically from 0.1 km at the top to 0.5 km at the bottom, and it was held constant horizontally along 142 the grid at 0.3 km. The finer grid spacing at shallow levels along dip lines P03 and P02 was designed 143 6 to allow for seismic heterogeneity caused by sedimentary structures associated to the margins of the 144 basin. The grid spacings chosen are much smaller than the anomaly size (i.e. >10 km wide) that we 145 can retrieve at the depths of interest (i.e. ~15 depth). Thus, these grids are optimum for the purpose 146 of the study. 147
Regularisation parameters are defined by a set of horizontal and vertical correlation lengths that vary 148 from top to bottom in the grid. Horizontal correlation lengths (HCL) were 3 km at the top of all 149 models and increased to 10-12 km at the bottom of the grid. Vertical correlation length (VCL) was 150 0.2-0.5 km at the top of the grid and 5-8 km at the bottom of the grid. Reflector correlation lengths 151 (RCL) were set at 4 km and the depth kernel-scaling factor (W) was 0.1-0.5. Overall, tomographic 152 models in Fig. 4 have a good data fit as root mean square of residual travel times are around half of 153 the dominant wavelength (i.e. 20-30 ms for sediment phases, and ~50ms and ~80ms for crustal and 154 mantle phases, respectively; see Tables A1 to A3 for further details of root mean square values). 155
Model parameter uncertainty

156
The range of uncertainty values of Vp and depth of the Moho was assessed by means of a Monte-157
Carlo analysis. The approach was performed for each of the different layers following the same layer-158 stripping strategy applied for the inversion of the preferred models in Fig. 4 . In this case, for each 159 layer, we produced 100 realisations (120 for line P04). Each realisation consisted in a travel-time 160 dataset with added random noise (up to ±125 ms), an input model for the corresponding layer with a 161 random 1D velocity-depth distribution (±10% and ±6% for crustal and mantle velocities, 162 respectively), and a flat reflector with a random depth (±4 km for the Moho). HCL, VCL, RCL and 163 W were also randomised during the Monte-Carlo analysis (HCL 5±2 km and 15±5 km and VCL 164 0.5±0.2 km and 6±2 km at the top and bottom of the model, respectively; RCL 5±1 km; W between 165 ~0.1 and ~1). This process allowed us to assess the optimum range of regularisation parameters, 166 which resembles the range used to obtain the preferred models of Fig. 4 . The standard deviation of 167 the inverted 100 models (120 for line P04) was computed and taken as a statistical measure of the 168 uncertainty of the model parameters [Tarantola, 1987; Korenaga et al., 2000] (Fig. 5) . 169
Overall, the Vp structure of the three models is well constrained in areas with a good ray coverage 170 (see Fig. A3 for ray coverage information). The standard deviation (i.e., statistical uncertainty) of 171 velocities in lines P02 and P03 ranges between 0.1 and 0.3 km/s (Fig. 5) , whereas it is < 0.2 km/s for 172 line P04 (Fig. 5) . In particular, uppermost mantle velocities are generally well constrained with values 173 < ±0.2 km/s, except along line P02 where locally they reach ~±0.3 km/s (Fig. 5 ). Higher uncertainties 174 along P02 are the result of combining a high pick uncertainty (i.e. ~125 ms) of Pn phases with a lower 175 ray coverage in that particular area of the model (i.e. between 120 and 140 along P02 Figs. 5 and A3). 176
The Moho depth is well constrained in the centre of the models with uncertainties < ±0.2 km (Fig. 5) ,7 whereas it is less constrained towards the edges of the model given the lack of PmP arrivals (see Fig.  178 A4 for ray tracing of PmP arrivals). 179
Results 180
The northernmost W-E profile P03 runs across the northern Porcupine Basin and shows a sedimentary 181 basin fill displaying Vp between 1.5 and 4.0-4.5 km/s that thickens towards the centre of the basin, 182 reaching 8-9 km thick [Watremez et al., 2016] . Syn-rift sediments are represented by Vp between 4.5 183 and 5.0 km/s and basement velocities range from 5.0-5.5 to 6.6-6.8 km/s, that is typical for crystalline 184 continental crust [Christensen & Mooney, 1995] (Fig. 4) . The Moho obtained from inversion of PmP 185 arrivals shallows to 15 km depth at ~ 130 km of profile distance (Fig. 4a) . Below this thinnest section 186 of the crust (km 115-145), the uppermost mantle Vp is not only slower than unaltered peridotite (i.e., 187 8.0 km/s), in agreement with previous studies [O 'Reilly et al., 2006] , but also decreases by 0.4 km/s 188 from east to west, from ~8.0 to ~7.6 km/s (Fig. 6a) . 189
The southernmost dip line P02 is located in the southern region of the study area (Fig. 1) , and shows 190 a similar sedimentary cover with Vp between 1.5 and 4.0-4.5km/s that can be up to ~8 km thick. 191
Basement velocities in the margins are similar to P03, ranging from 5.0-5.5 to 6.6-6.8 km/s, but they 192 barely exceed 6.0 km/s in the basin centre, where the crust is thinnest (e.g. between 120 and 150 km 193 of profile distance in Fig. 4c ). From the neighbouring reflection line 106 (Fig. 7) , we observe that 194 crustal Vp < 6.0 km/s spatially coincides with a pervasively faulted sequence (e.g. between 120-150 195 km of profile distance in Fig. 7a ), which appears to comprise both basement and highly rotated syn-196 rift sediments [Reston et al., 2004] . The PmP-derived Moho along P02 shallows up to ~11 km depth 197 (Fig. 4c) , that is 2 km shallower than the Moho along P03, indicating that extension increases 198 southwards along the basin axis. Mantle velocities are slower than those of pristine mantle rock and 199 are characterised by strong lateral variations, similar to P03. In this case, however, Vp decreases up 200 to 1 km/s from east to west, from 8.0-8.2 to 7.0-7.2 km/s (Fig 6b) . 201
The N-S line P04 runs along the basin axis crossing profiles P03 and P02 (Fig 1 and 4) . The 202 sedimentary cover with Vp between 1.5 and 4.0-4.5 km/s, previously imaged by P03 and P02 across 203 the basin axis, is also imaged along the basin axis thinning subtly from north to south ~1-2 km (Fig.  204   4a ). Beneath this, crustal Vp increases with depth from 5.0-5.5 to 6.4-6.6 km/s (Fig. 4a) . The resolved 205
Moho shallows from 20 km deep in the north to ~11 km in the south, which denotes again a significant 206 crustal thinning from north to south along the basin axis (Fig. 4a 4 the crust becomes entirely brittle and the subcrustal mantle cools enough (<600ºC) to serpentinise 247 at rifting rates appropriate for the Porcupine Basin [Reston et al., 2004] , especially in the absence of 248 voluminous syn-rift magmatism [Tate & Dobson, 1988 ] to advect heat. 249
The degree of extension in the northern region of the basin has been assessed in Watremez et al. 250 [2016] by combining velocity model P03 with its coincident seismic line Wire2 (Fig. 1) . The result 251 of this combination reveals that the minimum crustal thickness along P03 is ~5 km, corresponding to 252 a βc of ~6 (at ~120 km of profile distance; Fig. 4b ), assuming an original crustal thickness of ~30 km 253 SW of Ireland [Lowe & Jacob, 1989; O'Reilly et al., 2010] . This amount of extension is well within 254 the range at which crustal embrittlement is expected [i.e. 3-4 in Pérez-Gussinyé and . 255
In the south, the comparison between the seismic reflection line 106 and the velocity model along 256 P02 shows that the geometry of the P-detachment resembles that of the WAS-derived Moho (Fig 7b) . 257
Particularly, between km 140 and 155 the WAS-derived Moho follows the base of reflections 258 associated with the Moho according to Reston et al [2001] . However, some discrepancies exist 259 between these two seismic interfaces. Towards the east, between km 155 and 165 (Fig. 7b) , the WAS-260 derived Moho is slightly shallower (i.e. < 0.5 s two-way time) than the eastward-dipping reflections 261 interpreted by Reston et al [2001] as the Moho (Fig. 7) . Given that the fault plane of the detachment 262 and the eastward-dipping reflections associated with the Moho are close to each other in this particular 263 area, such discrepancy could be attributed partly by cycle-skipping in PmP arrival times. Further 264 discrepancy is observed towards the west, between km 135 and 140 (Fig. 7b) , where the P-detachment 265 in the reflection is steeper than the tomographically resolved Moho (Fig. 7b) . In this case, a single 266 strong impedance contrast is observed in the reflection line, which makes cycle-skipping unlikely. 267
Alternatively, seismic reflection lines (Fig. 7) reveal that the P-detachment flattens rapidly along the 268 basin axis from north to south. Hence, given that line P02 was acquired 5 km south of 106 it is likely 269 that the geometry of the P-detachment varies from line 106 to P02 farther south. Also, the smoothing 270 inherent in the inversion might have contributed to this difference. Regardless of these discrepancies, 271 the wide-angle reflection modelled as the Moho is defined by a significant velocity contrast (> 1.5 s -272 1 ) and it overlies material with Vp ~8 km/s, making this interface an ideal candidate for the Moho. 273
Our results thus support the hypothesis of Reston et al. [2001] that most of the P-detachment forms 274 a tectonic boundary between the crust and the mantle, and that crustal faulting associated with the P-275 detachment would have facilitated mantle serpentinisation. 276
The combination of the reflection line 106 and model P02 also allows us to provide some estimates 277 of crustal thickness. We infer that the crystalline basement, if any, in the most extended region along 278 line P02 could be as thin as 2 km (i.e., between 140 and 155 km of line P02, Fig. 7 ), which implies a 279 βc > 10. At this degree of extension, rifting could have reached breakup, which means that syn-rift 280 sediments (now exhibiting crustal velocities) could be deposited directly on the mantle in this region 281 of the central Porcupine Basin. This configuration would imply that a substantial part of the rift 282 process has been accompanied by ongoing serpentinisation, which is in agreement with low mantle 283 Vp observed along model P02 (i.e. ~ 7.0-7.5 km/s in Fig. 6b ) . 284
To test Vp from our models and explore the hypothesis of variations in mantle hydration across the 285 Porcupine Basin axis we performed gravity modelling following the method of Korenaga et al. 286
[2001]. We tested two possible scenarios: a model with homogeneous unaltered mantle, and a model 287 with lateral variations of density in accordance with seismic velocities. This way, Vp from our models 288 was converted to density (ρ) using the Vp-ρ relationships of Hughes et al. [1998] for sediments and 289
Christensen & Mooney [1995] for the crystalline continental crust. For the mantle, a ρ of 3.3 g/cm the best-fitting gravity anomaly is that derived from ρ models of the second scenario, in which 293 densities in the uppermost mantle vary across the basin axis (Fig. 8) . These results support Vp 294 obtained from travel time tomography and a heterogeneous hydration of the mantle. 295
We compare the tectonic structure with the velocity field (Fig. 7b) to explore for potential reasons for 296 such variations in mantle hydration. This comparison reveals that crustal faulting in the Porcupine 297
Basin is spatially denser above the lowest mantle Vp (i.e., highest degree of serpentinisation), whereas 298 it is less intense above areas where mantle Vp is higher (i.e., lower degree of serpentinisation) (Fig.  299   7b ). This correlation suggests that crustal-scale faulting has controlled mantle hydration in the 300 Porcupine Basin, similar to the Galicia margin, where it has been suggested that water supply to the 301 mantle occurred when faults were active [Bayrakci et al., 2016] . 
304
The comparison between dip lines P03 and P02 shows that mantle Vp decreases from north to south 305 in those areas where the inferred degree of mantle hydration is higher along both models (Fig. 9b) . 306
This observation suggests a southward increase in the degree of serpentinisation along the basin axis, 307 from 15-20 % to 25-35% (Fig. 9b) . Interestingly, seismic reflection lines show that the P-detachment 308 is only visible south of line Wire2 (Fig. 9c) [Klemper and Hobbs 1991] , where the inferred degree of 309 hydration is higher than 15% (Fig. 9b) . This correlation is consistent with laboratory measurements, 310 which indicate that a 10-15% degree of serpentinisation is needed to reduce significantly the friction 311 coefficient of the original mantle rock, allowing the development of low-angle normal faults 312
[Escartín et al., 2001; Reston et al., 2007]. 313
Given the relevance of crustal faulting in controlling mantle hydration, we looked for along-axis 314 variations in crustal faulting. Seismic reflection line Wire2 (Figs. 1 and 9) , coincident with line P03, 315 displays the lowest quality at depth of the four seismic reflection lines shown in Fig. 9c as it was  316 acquired with the shortest streamer [i.e. 4 km; Klemper and Hobbs 1991] . Hence, crustal faults are 317 poorly imaged in depth compared to line PAD (10 km long streamer), 103 and 106 (6 km long 318 streamer), all acquired with a longer streamer than Wire2 (4 km long streamer). Despite this quality 319 issue, Wire2 clearly images one crustal fault (Fig. 9c) reaching the WAS-derived Moho (blue dashed 320 line in Fig. 9c) . Southwards from Wire2, seismic lines PAD, 103 and 106 show the surface of the P 321 detachment (white dots in Fig. 9c ), which becomes larger southwards together with the number of 322 seismically resolved crustal faults (red dashed lines in Fig 9c) . In particular, the syn-rift section along 323 the southernmost seismic line 106 contains at least seven faults that crosscut the entire section down 324 to the P-detachment. Velocities along P02 are < 6km/s in the lower crust (i.e. between km 130 and 325 145 of Fig. 7) , which is in agreement with the highest concentration of faulting. Overall, the seismic 326 reflection lines in Fig. 9c show that crustal faulting in the Porcupine Basin increases southwards in 327 agreement with the degree of extension, and mantle hydration. 328
We have compared the Vp-derived degree of serpentinisation from those areas of models P02 and 329 P03 where mantle Vp is lowest and ray coverage is satisfactory (Fig. 10) , with the amount of 330 seismically-resolved crustal faulting along their corresponding neighbouring seismic reflection lines 331 (i.e., Wire2 for P03, and 106 for P02). This comparison illustrates the good correlation between the 332 degree of mantle hydration and the number of crust-penetrating normal faults along the basin axis 333 (Fig. 10) . However, there is no apparent impedance contrast between the syn-and pre-rift section 334 within half-grabens (Fig. 9c) , and no well has been drilled that deep (i.e. > 8 km), so we cannot 335 reliably estimate fault displacements. Thus, we cannot assess whether the number of faults or the fault 336 displacement [Bayrakci et al., 2016 ] is more important in controlling access of water to the uppermost 337 mantle in the Porcupine Basin. 338
Regardless of the displacement of faults, our results provide observational evidence of the 339 development of tectonic features related to progressive stretching and serpentinisation along the axis 340 of the Porcupine Basin. As shown by dip lines P03 and P02, the degree of extension increases 341 southwards. This is better illustrated by model P04 (Fig. 4a) values of ~35-40% (Fig. 10) . In addition, as the degree of serpentinisation increases the P-detachment 349 becomes more important as its surface grows southwards (Fig. 7b) . 
